Raw data is available in Rohrlich, Clara; Merle, Isabelle; Mze Hassani, Issa; Verger Manon; Zuin Michel; Besse Samantha; Robène Isabelle; Nibouche Samuel; Costet Laurent, 2018, \"Raw data for Rohrlich et al. 2018 PLOS ONE Variation in physiological host range in three strains of two species of the entomopathogenic fungus Beauveria\", doi:[10.18167/DVN1/CBONRN](https://doi.org/10.18167/DVN1/CBONRN). All other relevant data are within the paper and its Supporting Information file.

Introduction {#sec001}
============

Host specificity or host range of an entomopathogenic fungus can be defined as the number and taxonomic diversity of the hosts it can infect \[[@pone.0199199.ref001]\]. Knowledge of the host range of a biocontrol agent (BCA) is fundamental because host range determines the BCA's possible risk for the environment \[[@pone.0199199.ref002]\] and economic potential \[[@pone.0199199.ref003]\]. These two aspects are somewhat correlated, given that a BCA with a broad host range may be lethal for a wide range of target pests and also potentially for a broad range of non-target species \[[@pone.0199199.ref001], [@pone.0199199.ref003]\]. The ecological host range refers to the range of species that an entomopathogenic fungus infects in field conditions. The physiological host range is the range that the pathogen is able to infect under optimized conditions, determined by laboratory tests \[[@pone.0199199.ref004]\]. The ecological host range is usually considered to be narrower than the physiological host range and a better estimator of the risk for the environment \[[@pone.0199199.ref004]--[@pone.0199199.ref006]\]. However, assessing the ecological host range of a BCA is a complex task and can only be achieved once the BCA has been introduced in the environment \[[@pone.0199199.ref004]\]. Thus, the question of host range is not usually explored fully, which means there are gaps in our knowledge. Generally, the characterization of a BCA's host range is drawn from our knowledge of the hosts on which the strain was collected in natural conditions and a few laboratory pathogenicity tests \[[@pone.0199199.ref007]\]. In invertebrate pathology, pathogenicity is defined as the capacity to cause a disease to a given host and virulence is defined as the severity of the disease \[[@pone.0199199.ref008], [@pone.0199199.ref009]\]. Different approaches can be used and combined to estimate the virulence of a pathogen. Dose-mortality experiments determine the median lethal dose or concentration, which causes the death of 50% of the test insects; while single dose time-mortality experiments are used to determine the mean survival time or the median lethal time at which 50% of the test insects have died; and fungal growth on the host cadaver can be checked to ascertain completion of the fungal biological cycle \[[@pone.0199199.ref010]\]. Reduction of other fitness parameters can also be measured, such as fecundity or offspring survival \[[@pone.0199199.ref004]\].

Entomopathogenic fungi used as commercial BCA have diverse host ranges. Most are capable of infecting a wide range of hosts, although a few have a narrow host range \[[@pone.0199199.ref011]\]. Fungi belonging to the Entomophthorales order (Entomophthoromycota phylum) tend to have a narrow ecological and physiological host range limited to a small number of taxonomically related species \[[@pone.0199199.ref012], [@pone.0199199.ref013]\]. They include many obligate biotrophic insect pathogens, like all the species belonging to the Entomophthoraceae family \[[@pone.0199199.ref014]\]. They are difficult to mass-produce and are used primarily for classical biological control with a view to the permanent establishment of the exotic BCA \[[@pone.0199199.ref015]\]. In contrast, fungi used in inundative or inoculative strategies, involving the regular release of the BCA, have to be mass-produced. The fungi used in these strategies belong mainly to the Hypocreales order (Ascomycota phylum). They are hemibiotrophic and generally have a broad host range \[[@pone.0199199.ref011]\]. However, among Hypocreales, differences in host range are often mentioned at the species or strain level.

In the genus *Beauveria*, *B*. *bassiana* (Balsamo) Vuillemin is recognized as a generalist species with a broad ecological host range of more than 700 arthropod species, which covers most orders of the class Insecta \[[@pone.0199199.ref006], [@pone.0199199.ref016]\]. *B*. *brongniartii* (Saccardo) Petch is often claimed to have a more restricted host range, infecting mostly Coleoptera \[[@pone.0199199.ref017]--[@pone.0199199.ref019]\]. However, this fungus species has been reported to infect insects from at least seven orders in the field \[[@pone.0199199.ref018], [@pone.0199199.ref020]\]. For several other species, such as *B*. *vermiconia* de Hoog & Rao or *B*. *caledonica* Bisset & Widden, the number of strains available in collections is too small to draw conclusions about their host range \[[@pone.0199199.ref021]\]. To date, the species *B*. *hoplocheli* Robène-Soustrade & Nibouche (formerly described as *B*. *brongniartii* or *B*. *tenella*) has only been isolated in natural conditions from the white grub *Hoplochelus marginalis* (Fairmaire) (Coleoptera: Scarabaeidae) \[[@pone.0199199.ref022]\]. It is used as a BCA against this pest in Réunion Island \[[@pone.0199199.ref023]\]. Despite a few preliminary studies, the physiological host range of *B*. *hoplocheli* has not been investigated extensively. In laboratory bioassays, *B*. *hoplocheli* exhibited little or no virulence to *Melolontha melolontha* L. (Coleoptera: Scarabaeidae) \[[@pone.0199199.ref024]\] and to the mango blossom gall midge *Procontarinia mangiferae* (Felt) (Diptera: Cecidomyiidae), but was pathogenic to the greater wax moth *Galleria mellonella* L. (Lepidoptera: Pyralidae) \[[@pone.0199199.ref025]\].

Many studies have compared the virulence of several strains of *Beauveria* spp. on a given insect host, especially strains of *B*. *bassiana* \[[@pone.0199199.ref026]--[@pone.0199199.ref032]\]. Few works have studied the physiological host range of *Beauveria* spp. strains by comparing their pathogenicity and virulence on several insect species. For example, 43 *B*. *bassiana* strains collected worldwide exhibited a strong variation in virulence against eight lepidopteran species \[[@pone.0199199.ref033]\]. Twenty-nine genetically diverse *B*. *bassiana* strains were pathogenic to nine insect species from five orders, with significantly different levels of virulence \[[@pone.0199199.ref034]\].

Few studies demonstrate that *Beauveria* strains or species may differ in their physiological host range, despite the importance of these differences regarding their use as BCA. Therefore, the aim of this study was to characterize the physiological host range of three *Beauveria* strains belonging to two species, *B*. *hoplocheli* and *B*. *bassiana*. We tested their pathogenicity and their virulence against nine insect pests, belonging to three orders: Lepidoptera, Coleoptera and Diptera. Mortality rate, mean survival time and mycosis rate were used as estimators of the virulence in single dose mortality bioassays.

Materials and methods {#sec002}
=====================

*Beauveria* strains and spore suspensions {#sec003}
-----------------------------------------

Two strains of *B*. *bassiana* (I-2960, I-2961) and one strain of *B*. *hoplocheli* (B507), were obtained from Arysta LifeScience. The strains were stored at -80°C using Microbank cryovials (Pro-Lab Diagnostics, Richmond Hill, Canada). Cultures were grown from the cryovial stored strains to prepare spore suspensions for the tests. All cultures were grown at 25°C on potato dextrose agar (PDA) medium until sporulation was observed (three to four weeks). Spore suspensions were prepared by scraping the surface of sporulated cultures and suspending conidia in a sterile solution of 0.05% TWEEN^®^ 80 (Sigma-Aldrich, St. Louis, MO, USA). Conidia suspensions were adjusted to 10^6^ or 10^8^ conidia mL^-1^ using a Malassez hemocytometer. To determine conidia viability and the number of conidia per milliter, 100 μL of the conidia suspension was plated onto PDA, incubated at 25°C and the colony forming units were counted after five days.

Insects {#sec004}
-------

The pathogenicity of the three *Beauveria* spp. strains was evaluated on nine insect species belonging to three orders: Diptera, Coleoptera and Lepidoptera ([Table 1](#pone.0199199.t001){ref-type="table"}). We performed pathogenicity tests on five fruit flies found in Réunion: the peach fruit fly, *Bactrocera zonata* (Saunders), the Mediterranean fruit fly, *Ceratitis capitata* (Wiedemann), the Mascarene fruit fly, *C*. *catoiri* (Guérin-Méneville) endemic in Réunion, the Indian Ocean cucumber fly, *Dacus demmerezi* (Bezzi) and the melon fly, *Zeugodacus cucurbitae* (Coquillett). Tests were also carried out on the oriental fruit fly, *Bactrocera dorsalis* (Hendel), an invasive species not recorded in Réunion at the time of the study, but present in most islands in the western region of the Indian Ocean, including Comoros \[[@pone.0199199.ref035]\]. Fruit fly strains of *B*. *zonata*, *C*. *capitata* and *C*. *catoirii* were reared on artificial diets \[[@pone.0199199.ref036]\] in our laboratory for 138, 17 and 157 generations, respectively. *D*. *demmerezi* and *Z*. *cucurbitae* were reared on zucchini for 22 and 64 generations, respectively. Sugarcane white grub *H*. *marginalis* larvae were collected in the field with permission of the owner from plots of sugarcane (Saint-Benoît, Réunion; 20°59\'41.05\" S, 55°41\'16.63\" E) and thyme (Petite-Ile, Réunion; 21°20\'3.57\" S, 55°33\'22.13\" E). *H*. *marginalis* larvae were kept in the laboratory in clean soil, fed with pieces of carrot and quarantined for 20 days to ensure that they were free from entomopathogenic fungal infections. The lesser mealworm, *Alphitobius diaperinus* (Panzer) (Coleoptera: Tenebrionidae) strain was collected from a poultry farm with permission of the owner (Saint-André, Réunion; 20°56\'52.0\" S, 55°39\'41.2\" E). *A*. *diaperinus* larvae were maintained on wood shavings and fed with poultry feed pellets until treatments. Larvae of *G*. *mellonella* came from a strain reared in our laboratory on an artificial diet adapted from Meyling \[[@pone.0199199.ref037]\].

10.1371/journal.pone.0199199.t001

###### Insects used in bioassays.

![](pone.0199199.t001){#pone.0199199.t001g}

  Species                    Common name                 Order         Family          Stage                No. insects per treatment   Conidia suspension (conidia.mL^-1^)
  -------------------------- --------------------------- ------------- --------------- -------------------- --------------------------- -------------------------------------
  *Bactrocera dorsalis*      Oriental fruit fly          Diptera       Tephritidae     Adult                90                          10^6^
  *Bactrocera zonata*        Peach fruit fly             Diptera       Tephritidae     Adult                90                          10^6^
  *Ceratitis capitata*       Mediterranean fruit fly     Diptera       Tephritidae     Adult                90                          10^6^
  *Ceratitis catoirii*       Mascarene fruit fly         Diptera       Tephritidae     Adult                90                          10^6^
  *Dacus demmerezi*          Indian Ocean cucurbit fly   Diptera       Tephritidae     Adult                90                          10^6^
  *Zeugodacus cucurbitae*    Melon fly                   Diptera       Tephritidae     Adult                150                         10^6^
  *Alphitobius diaperinus*   Lesser mealworm             Coleoptera    Tenebrionidae   Larva                90                          10^8^
  *Hoplochelus marginalis*   Sugarcane white grub        Coleoptera    Scarabaeidae    Larva (3rd instar)   90                          10^8^
  *Galleria mellonella*      Greater wax moth            Lepidoptera   Pyralidae       Larva                390                         10^6^ and 10^8^

Bioassays {#sec005}
---------

Bioassays were conducted on two insect species at a time, using *G*. *mellonella* for all bioassays. Each bioassay compared four modalities: the three *Beauveria* strains B507, I-2960 and I-2961, and an untreated control. Each modality was carried out on 30 insects. For fruit flies, 12 to 14-day-old adults were used, with 15 males and 15 females. Strain B507 was not tested on *C*. *catoirii*. Each bioassay was repeated three times. The experiments were conducted from May 2015 to August 2016 in the CIRAD laboratory (Réunion). Since *B*. *dorsalis* was not recorded in Réunion at the time of the study, bioassays for this species were conducted in the INRAPE laboratory (Comoros).

Insect contamination was realized by dipping the insects in the conidia suspension for 10 seconds. Adult fruit flies were anaesthetized with CO~2~ prior to treatment and dipped in a suspension at 10^6^ conidia mL^-1^. This concentration is in the range of the LC~50~ (lethal concentration required to kill 50% of the target insects) of several *B*. *bassiana* strains tested on fruit flies \[[@pone.0199199.ref038]--[@pone.0199199.ref040]\]. Preliminary bioassays showed that using 10^6^ conidia mL^-1^, the mortality was similar to control for *A*. *diaperinus* and *H*. *marginalis* larvae for all strains tested. Therefore, the insects were treated with suspensions at 10^8^ conidia mL^-1^. Untreated control fruit flies were anaesthetized with CO~2~ and then dipped in a 0.05% TWEEN^®^ 80 solution like all other control insects.

After treatment, all insects were kept separately in 125 mL plastic containers (flies and white grubs), and 30 mL plastic containers (*G*. *mellonella* and *A*. *diaperinus* larvae). Adult flies were fed three times a week with a liquid diet containing a 10:1 mix of sucrose and yeast enzymatic hydrolysate (MP Biomedicals, Solon, OH, USA). After dipping, *G*. *mellonella* larvae were fed with a 400 mg piece of beeswax and *A*. *diaperinus* larvae were fed with a few poultry feed pellets. *H*. *marginalis* larvae were kept in sterilized peat and fed once a week with slices of organically grown carrots.

Insect mortality was recorded daily for 30 days for the fruit flies and every other day for the other species. Insects were considered dead if they were unable to produce coordinated movements or showed no response when touched. Cadavers were surface-sterilized in 70% ethanol for five seconds, rinsed in sterile distilled water for five seconds and placed on a sterilized filter paper, moistened with 200 μL sterile distilled water, in a 55 mm vented Petri dish to stimulate external fungal growth. Development of mycosis was checked 10 days after death.

Data analysis {#sec006}
-------------

The aim of the first analysis was to compare the effect of the treatments on two variables used to estimate virulence: mortality rate and mycosis rate. The mycosis rate was calculated as the percentage of cadavers showing external fungal growth out of the total number of tested insects. The experimental design allowed us to compare four treatments on two insect species in each bioassay. The presence of *G*. *mellonella* in each bioassay allowed an estimation of the bioassay effect as a fixed replication effect and the design was thus analysed as a classical factorial design. As two spore suspensions were used at 10^6^ or 10^8^ conidia.mL^-1^, we conducted separate analyses on the bioassays using each of the two doses. The analysis of the mycosis rate for bioassays using a 10^8^ conidia.mL^-1^ could not be performed due to missing data for *G*. *mellonella*. We conducted the analysis with a generalized linear model using a binomial distribution and a logit link with SAS GLIMMIX procedure \[[@pone.0199199.ref041]\]. The model included insect species, treatments, insect species x treatment interaction, bioassays and bioassays x treatments interaction as fixed factors. To solve some convergence issues, maximum likelihood with Laplace approximation was preferred to the default pseudo-likelihood technique. The insects used in the experiments had a different life span and different developmental stages (adult or larva). Therefore, the mean survival time for control insects varied depending on the insect species. In order to take this factor into account and to ensure that mortality rates were not too high in controls, we analysed the mortality rates when the mortality rate for the control reached 0.2. The insect species x treatments interaction was significant (P \< 0.05) for both suspensions at 10^6^ and 10^8^ conidia.mL^-1^. Consequently, we carried out between treatment comparisons with each insect species separately. To do so, we used a generalized linear model with a binomial distribution with the SAS GENMOD procedure, using treatment and bioassays as fixed effects. Pairwise between treatment differences were tested using a likelihood ratio test.

The second analysis focused on survival curves. We used the Kaplan-Meier estimator, a non-parametric statistic, to compare the effects of the three *Beauveria* strains on insect survival within an insect species. Survival curves were modelled using the SAS LIFETEST procedure and a log-rank test was performed to detect significant differences between treatments. Since multiple pairwise comparisons of strains increase the overall type 1 error, Sidak's correction was applied to adjust the significance thresholds in order to yield an experiment-wise P-value of 0.05. The strains' virulence was estimated by the mean survival time computed using the SAS LIFETEST procedure.

Results {#sec007}
=======

Analysis of mortality rate and Kaplan-Meier survival curves {#sec008}
-----------------------------------------------------------

The analysis of mortality rates revealed that the effects of treatment (F = 36.76; DF = 3, 81; P \< 0.0001), insect species (F = 8.62; DF = 5, 81; P \< 0.0001), as well as the interaction insect species x treatment (F = 3.55; DF = 17, 81; P \< 0.0001) were highly significant for the six fruit fly species and *G*. *mellonella* treated with 10^6^ conidia.mL^-1^. The analysis of mortality rates also revealed that the effects of the treatment (F = 53.28; DF = 3, 25; P \< 0.0001), the species (F = 45.69; DF = 2, 25; P \< 0.0001) and the insect species x treatment interaction (F = 29.00; DF = 6, 25; P \< 0.0001) were highly significant for the species *H*. *marginalis*, *A*. *diaperinus* and *G*. *mellonella* treated with 10^8^ conidia.mL^-1^. The highly significant interaction between insect species and treatment shows that the differences between treatments depend on the insect species. Consequently, to compare the treatments, the insect mortality rate and survival were analysed independently for each species. The three *Beauveria* strains used at 10^6^ conidia.mL^-1^ were pathogenic to all the fruit fly species tested and to *G*. *mellonella* larvae as shown by the mortality rate and Kaplan-Meier survival curves, which differed significantly from the controls, irrespective of the *Beauveria* strain used (Figs [1](#pone.0199199.g001){ref-type="fig"} and [2](#pone.0199199.g002){ref-type="fig"}). The mortality rate and the Kaplan-Meier survival analysis revealed differences in virulence between the *Beauveria* strains. *B*. *bassiana* strains I-2960 and I-2961 were significantly more virulent than the *B*. *hoplocheli* strain B507 for all fruit flies tested using the Kaplan-Meier survival analysis (except for *B*. *zonata*) and mortality rates (Figs [1](#pone.0199199.g001){ref-type="fig"} and [2](#pone.0199199.g002){ref-type="fig"}). This result is also illustrated by the mean survival times estimated from the Kaplan-Meier survival analysis ([S1 Table](#pone.0199199.s001){ref-type="supplementary-material"}). Strains I-2960 and I-2961 exhibited a very similar virulence pattern for the different fruit flies (Figs [1](#pone.0199199.g001){ref-type="fig"} and [2](#pone.0199199.g002){ref-type="fig"} and [S1 Table](#pone.0199199.s001){ref-type="supplementary-material"}). The mortality rate and the Kaplan-Meier survival analysis of *G*. *mellonella* treated with 10^6^ conidia.mL^-1^ showed that B507 was significantly less virulent than *B*. *bassiana* strains (Figs [1](#pone.0199199.g001){ref-type="fig"} and [2](#pone.0199199.g002){ref-type="fig"}). The Kaplan-Meier survival analysis showed that I-2961 was significantly less virulent than I-2960 at 10^6^ conidia.mL^-1^ ([Fig 1](#pone.0199199.g001){ref-type="fig"}).

![Kaplan-Meier survival curves for six fruit fly species and *Galleria mellonella* treated with *Beauveria hoplocheli* strain B507, *B*. *bassiana* strains I-2960 and I-2961 using 10^6^ conidia.mL^-1^ suspensions.\
Different letters indicate significant differences between treatments within an insect species (log-rank test, P \< 0.05 after Sidak's correction). Crosses indicate censored data.](pone.0199199.g001){#pone.0199199.g001}

![Mortality rate of six fruit fly species and *Galleria mellonella* treated with *Beauveria hoplocheli* strain B507, *B*. *bassiana* strains I-2960 and I-2961 using 10^6^ conidia.mL^-1^ suspensions.\
Data presented are means ± SEM, with three replicates of 30 insects for each treatment and each species. Mortality rates were calculated at the time when the mortality rate of the control reached 0.2. For each insect species, a generalized linear model was fitted and pairwise between treatment differences were tested using a likelihood ratio test. Different letters indicate significant differences between treatments (P \< 0.05).](pone.0199199.g002){#pone.0199199.g002}

The three strains demonstrated a similar high level of virulence on *G*. *mellonella* at 10^8^ conidia.mL^-1^ (Figs [3](#pone.0199199.g003){ref-type="fig"} and [4](#pone.0199199.g004){ref-type="fig"} and [S1 Table](#pone.0199199.s001){ref-type="supplementary-material"}). *B*. *hoplocheli* strain B507 was the only strain pathogenic to the white grub *H*. *marginalis* at the tested dose of 10^8^ conidia.mL^-1^. The mortality rate and the Kaplan-Meier survival curves of *H*. *marginalis* larvae treated with the two *B*. *bassiana* strains were not significantly different from the control (Figs [3](#pone.0199199.g003){ref-type="fig"} and [4](#pone.0199199.g004){ref-type="fig"}). The two *B*. *bassiana* strains were pathogenic to *A*. *diaperinus* larvae, resulting in mortality rates and Kaplan-Meier survival curves that were significantly different from the control (Figs [3](#pone.0199199.g003){ref-type="fig"} and [4](#pone.0199199.g004){ref-type="fig"}). When *A*. *diaperinus* larvae were treated with strain B507, the mortality rate and the Kaplan-Meier survival curve were not significantly different from the control (Figs [3](#pone.0199199.g003){ref-type="fig"} and [4](#pone.0199199.g004){ref-type="fig"}).

![Kaplan-Meier survival curves for *Alphitobius diaperinus*, *Hoplochelus marginalis* and *Galleria mellonella* treated with *Beauveria hoplocheli* strain B507 and *B*. *bassiana* strains I-2960 and I-2961 using 10^8^ conidia.mL^-1^ suspensions.\
Different letters indicate significant differences between treatments within an insect species (log-rank test, P \< 0.05 after Sidak's correction). Crosses indicate censored data.](pone.0199199.g003){#pone.0199199.g003}

![Mortality rate of *Alphitobius diaperinus*, *Hoplochelus marginalis* and *Galleria mellonella* treated with *Beauveria hoplocheli* strain B507, *B*. *bassiana* strains I-2960 and I-2961 using 10^8^ conidia.mL^-1^ suspensions.\
Data presented are means ± SEM, with three replicates of 30 insects for each treatment and each species. Mortality rates were calculated at the time when the mortality rate of the control reached 0.2. For each insect species, a generalized linear model was fitted and pairwise between treatment differences were tested using a likelihood ratio test. Different letters indicate significant differences between treatments (P \< 0.05).](pone.0199199.g004){#pone.0199199.g004}

Analysis of mycosis rate {#sec009}
------------------------

The analysis of the mycosis rate revealed that the treatments (F = 31.60; DF = 2, 55; P \< 0.0001), and the insect species x treatment interaction (F = 2.08; DF = 11, 55; P = 0.038) had a significant effect for the six fruit fly species and *G*. *mellonella* treated with 10^6^ conidia.mL^-1^, while the insect species' effect was not significant (F = 0.66; DF = 5, 55; P = 0.66). No mycosis was recorded on the control insects. The mycosis rate induced by the *B*. *hoplocheli* strain B507 was significantly lower than the rates induced by the two *B*. *bassiana* strains for four out of five of the fruit flies tested and for *G*. *mellonella* ([Fig 5](#pone.0199199.g005){ref-type="fig"}). The *B*. *bassiana* strain I-2961 induced significantly higher mycosis rates than strain I-2960 for all fruit flies tested (except *B*. *dorsalis*) and *G*. *mellonella*, although the mortality rates caused by both strains were similar (Figs [1](#pone.0199199.g001){ref-type="fig"}, [2](#pone.0199199.g002){ref-type="fig"} and [5](#pone.0199199.g005){ref-type="fig"}). In the case of *H*. *marginalis*, the *B*. *hoplocheli* strain caused a mycosis rate of 0.27 ± 0.05 for a mortality rate of 0.86 ± 0.04. None of the white grubs that died after treatment with strain I-2960 developed external fungal growth. For strain I-2961, the mycosis rate was 0.04 ± 0.02, which was significantly different from the control (Chi^2^ = 5.66; DF = 1; P = 0.0174). No mycosis was recorded on *A*. *diaperinus* larvae, irrespective of the *Beauveria* strain considered.

![Mycosis rate of six fruit fly species and *Galleria mellonella* treated with *Beauveria hoplocheli* strain B507 and *B*. *bassiana* strains I-2760 and I-2761 using 10^6^ conidia.mL^-1^ suspensions.\
Data presented are means ± SEM, with three replicates of 30 insects for each treatment and each species. Mycosis rates were calculated using the percentage of cadavers showing external fungal growth out of the total number of tested insects. For each insect species, a generalized linear model was fitted and pairwise between treatment differences were tested using a likelihood ratio test. Different letters indicate significant differences between treatments (P \< 0.05).](pone.0199199.g005){#pone.0199199.g005}

Discussion {#sec010}
==========

We demonstrated that there are significant differences in the physiological host range of the three *Beauveria* strains tested. The *B*. *bassiana* strains and the *B*. *hoplocheli* strain express different pathogenicity patterns across several insects belonging to the Coleoptera order. *B*. *bassiana* strains killed *A*. *diaperinus*, but were not pathogenic to *H*. *marginalis*, although they are both beetle larval stages. These findings confirmed the results of previous studies, which showed that the strain I-2960 was not pathogenic to *H*. *marginalis* \[[@pone.0199199.ref024], [@pone.0199199.ref042]\]. Few studies have reported an absence of pathogenicity for *B*. *bassiana* strains. It is interesting to note that the work by Maurer *et al*. \[[@pone.0199199.ref043]\] shows that several *B*. *bassiana* strains that were isolated from insects other than *Ostrinia nubilalis*, were not pathogenic to this species. Strain I-2961 did not cause a significant increase in *H*. *marginalis* mortality rate, although it produced mycosis on a few individuals. It is possible that the fungus was able to complete its biological cycle after overcoming the insect's defences. The *B*. *hoplocheli* strain B507 was pathogenic to *H*. *marginalis*, but was not pathogenic to *A*. *diaperinus*. Neuvéglise *et al*. \[[@pone.0199199.ref024]\] also found that several *B*. *hoplocheli* strains were not pathogenic to *M*. *melolontha*, a beetle belonging to the Melolonthinae subfamily, the same subfamily as *H*. *marginalis*. These results confirm that, to date, *B*. *hoplocheli* is the only available BCA for controlling *H*. *marginalis* in sugarcane fields.

The *B*. *hoplocheli* strain, B507, was pathogenic to the tested fruit flies and to the greater wax moth, but was less virulent than the two *B*. *bassiana* strains. Such differences in virulence have been observed at the inter- and the intra-species level for *Beauveria*. At the inter-species level, Goble *et al*. \[[@pone.0199199.ref044]\] showed that *B*. *brongniartii* isolates were less effective against the Asian long-horned beetle than other Hypocreales fungal species, including *Beauveria asiatica*. Differences in virulence have also been reported at the intra-species level \[[@pone.0199199.ref033], [@pone.0199199.ref034], [@pone.0199199.ref045]\]. Differences in virulence observed among the *Beauveria* strains could be linked to conidial attachment on the cuticle, germination, as well as strategies to evade the host's immune system \[[@pone.0199199.ref046]\]. In addition, virulence is affected by factors including cuticle-degrading enzymes or toxic proteins, which are produced by the fungus \[[@pone.0199199.ref031], [@pone.0199199.ref047]\]. The main difference between the two *B*. *bassiana* strains was their potential to cause mycosis. Strain I-2961 sporulated significantly more on fruit fly cadavers than I-2960. The two *B*. *bassiana* strains were pathogenic to *A*. *diaperinus* larvae, but no mycosis was observed. Fungal development on host cadavers is a crucial parameter for BCA selection because the effectiveness of insect population control depends on the fungus' capacity to complete its biological cycle and transmission to other insects \[[@pone.0199199.ref048]\]. Many factors might affect the sporulation on cadavers, including temperature, humidity, conidia number and insect age \[[@pone.0199199.ref049], [@pone.0199199.ref050]\].

Using laboratory bioassays to characterize their physiological host range, we demonstrated that *B*. *hoplocheli* strain B507 and the two *B*. *bassiana* strains I-2961 and I-2960 can infect a wide range of insects belonging to three different orders. Strain I-2961 and, to a lesser extent, strain I-2960, were also known pathogens of the Coleoptera *Rhynchophorus ferrugineus* \[[@pone.0199199.ref051], [@pone.0199199.ref052]\]. Strain I-2960 showed pathogenicity toward the lepidopteran pests *Ostrinia nubilalis*, *Paysandisia archon* and *Thaumetopoea pityocampa* \[[@pone.0199199.ref053], [@pone.0199199.ref054]\]. This broad host range means that both *B*. *bassiana* strains have great potential to control diverse pests. As yet, the *B*. *hoplocheli* strain B507 has only been used to control the white grub *H*. *marginalis*, but we have shown that this species is not specific to Coleoptera and can infect Diptera and Lepidoptera. Hu *et al*. \[[@pone.0199199.ref055]\] suggested that speciation in the *Metarhizium* genus was closely related to host specificity, with an evolutionary route going from specialists to generalists, via intermediate host range species. Further pathogenicity and genomic studies are required to determine whether such a speciation pattern exists in *Beauveria*. However, as in the *Metarhizium* genus, it seems that most *Beauveria* species have a broad host range, which is probably linked to ecological fitness \[[@pone.0199199.ref055]\].

When these entomopathogenic fungal strains are used as BCA, their broad host range could be a concern in terms of their impact on non-target species. The ecological host range should be considered, as it is not unusual that hosts infected in the laboratory have never been found infected in the field \[[@pone.0199199.ref004]\]. Hypocreales fungi, such as *Beauveria* spp., are facultative insect pathogens capable of saprophytic and endophytic life stages. Therefore, soil characteristics, abiotic factors, plant species, as well as agricultural practices can have a great impact on their persistence and activity \[[@pone.0199199.ref056]--[@pone.0199199.ref058]\]. There is some evidence that *B*. *bassiana* strains may be adapted to a habitat type rather than to a particular host \[[@pone.0199199.ref059]\]. When choosing a suitable BCA, it is important to study the physiological host range, combined with an assessment of the impact that environmental conditions have on the fungal strain's development. An evaluation of the persistence and distribution of the introduced biocontrol agent *B*. *hoplocheli* throughout Réunion is currently underway. This research will help shed light on the factors influencing its effectiveness and impact.
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###### Mean survival time in days of insects treated with *Beauveria hoplocheli* strain B507 and *Beauveria bassiana* strains I-2960 and I-2961 at 10^6^ conidia.mL^-1^ or 10^8^ conidia.mL^-1^.

Kaplan-Meier analysis was used to estimate the mean survival time for each *Beauveria* strain in each bioassay (three replicates of 30 insects).

(DOCX)

###### 

Click here for additional data file.

The authors would like to thank M. Hoarau, S. Nouhou and H. Telismart for their technical help with the laboratory work, S. Glénac, J. Payet, R. Tibère, C. Lallemand and J. Hascoat for collecting and rearing the insects. Special thanks are also owed to E. Gozé for his advice on statistical analysis.

[^1]: **Competing Interests:**The authors of this manuscript have the following competing interests: RC, BS and ZM are employees of the Arysta LifeScience Group. They participated in study design, data collection, decision to publish and preparation of the manuscript. However, this does not alter the authors' adherence to PLOS ONE policies on sharing data and materials.
